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The Arctic amplification of global warming is causing the Arctic-Atlantic ice edge to retreat at
unprecedented rates. Here we show how variability and change in sea ice cover in the Barents
Sea, the largest shelf sea of the Arctic, affect the population dynamics of a keystone species
of the ice-associated food web, the polar cod (Boreogadus saida). The data-driven biophysical
model of polar cod early life stages assembled here predicts a strong mechanistic link
between survival and variation in ice cover and temperature, suggesting imminent recruit-
ment collapse should the observed ice-reduction and heating continue. Backtracking of
drifting eggs and larvae from observations also demonstrates a northward retreat of one of
two clearly defined spawning assemblages, possibly in response to warming. With annual
to decadal ice-predictions under development the mechanistic physical-biological links pre-
sented here represent a powerful tool for making long-term predictions for the propagation of
polar cod stocks.
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The Arctic Ocean winter sea ice cover has steadily declinedsince the 1970s, and the majority of this reduction has beenobserved in the Barents Sea1–4. With a warmer and
increasingly ice-free Arctic Ocean, the border between the Boreal
and Arctic biomes is predicted to move north5,6. While the
present warming has allowed an opportunistic northwards
expansion of Boreal species into the northern Barents Sea Arctic
ecosystem7, little attention has been given to the effect of the
recent ice retreat and variability on the ice-associated fish com-
munity. A keystone species in the ice-associated Arctic marine
food web is the polar cod, one of few species linking the lower (i.e.
zooplankton) and higher (e.g. other fish, mammals, seabirds)
trophic levels8–10. The polar cod is endemic to the Arctic and
their early life history is strongly adapted to the presence of ice:
from spawning of eggs under the ice11; the ability of eggs to
develop in sub-freezing temperatures12; larvae feeding on zoo-
plankton specific to the seasonal ice-melt-water blooms13,14; and
low mortality of larvae in the close to freezing temperatures
typical of Arctic water masses15. At the same time observations
made by Soviet-era researchers in the early 1960s11 remain the
most complete descriptions of polar cod spawning along the
Eurasian shelf, with a historical stronghold in spawning activity in
the south-eastern corner of the Barents Sea (also known as the
Pechora Sea) and a suggested spawning east of Svalbard. The
Barents Sea polar cod stock have been monitored annually by a
joint Norwegian-Russian survey since 198616, and the total stock
biomass (TSB) has varied vastly in the past three decades,
between a minimum of 127,000 t in 1990, up to a maximum of
1,941,000 t in 2006 yet with no clear trend17. The spatial dis-
tribution and abundance of 0-group polar cod (~6 months old)
has also varied considerably in this period18, suggesting high
recruitment variability both in space and time.
Given the tightly linked early life history of the polar cod with
ice, a natural candidate for the large variation in polar cod
recruitment and biomass is the inter-annual variation in ice
cover18. The two main factors driving the observed variability in
ice cover in the Barents Sea is the inflow of warm Atlantic water
from the west and the inflow of cold, less saline Arctic water from
the north and east4,19,20. The inflow of Atlantic water from the
west and Arctic water from the northeast set up a strong tem-
perature and salinity front across the entire Barents Sea, here
termed the Polar Front21,22 (Fig. 1). North of the Polar Front the
less dense Arctic water masses stabilizes the water column suffi-
ciently to prevent upwards flux of the warmer Atlantic water,
allowing ice to form4. In March-April the extent of the seasonal
ice cover in the Barents Sea is at its largest, and at this time period
the Polar Front and the ice edge usually coincide. During
1990–2017 the winter maximum ice cover in the Barents Sea
varied between 632,304 km2 and 1,129,719 km2, with an average
of 869,961 km2.
Here we investigate possible links between inter-annual
variability in the Barents Sea ice cover and the variability in
spawning distribution and recruitment of polar cod. To locate the
spawning locations of polar cod under the ice we “back-tracked”
larval drift trajectories from observed 0-group polar cod in
autumn to the most probable spawning locations in spring. This
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Fig. 1 Oceanographic features of the study area and modelled maximum ice cover in the study period (1990–2017). Here white, yellow, and grey arrows
represent the idealistic flow of near surface (0–10 m) Atlantic, coastal, and Arctic water masses (white arrows with perforated edges represents subsurface
flow); double white and grey line represent the Polar Front; and the colored gradient represents proportion of years in the study period where ice
concentration exceeds 15% per grid cell. Black lines represent isobaths at 50, 100, and 200m. Orange and red squares in small inset represents the spatial
extent of the ocean model and the study area, respectively
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was done by Lagrangian particle advection simulations within a
3D dynamical ocean model. Drifting particles were “spawned”
uniformly over the parts of the Barents Sea that was encompassed
by the historical marginal ice zone (i.e. where ice concentration
had been at least 15% at any time in period 1990–2017), and
subsequently an objective search algorithm identified drift tra-
jectories that intersected the 0-group observations of the autumn
survey. The coupled biophysical model was simulated over
28 spawning seasons (1990–2017) and was compared to the catch
of 0-group polar cod in 8302 pelagic trawls distributed
throughout the Barents Sea. The mechanistic interpretation of the
scores from the objective search algorithm is twofold: first the
backtracking from observations indicates spawning at a given
release point for a given year (viz. inter-annual change in
spawning location); and second the frequency of links between
spawning location and the observed 0-group abundance reflects
larval survival during the drift phase and indicates supply of
recruits from a given spawning location (viz. recruitment varia-
bility in response to environmental conditions). We report a
positive relationship between year class strength of polar cod to
the inter-annual variability of ice cover, and a negative effect of
maximum summer temperatures encountered in late larval phase,
where a common driver is the heating of the system. We also
observed a clear northward retreat of one the two identified
spawning assemblages towards the end of the study period that
may also be a response to warming. Understanding the physical-
biological interactions during recent decades of both varying and
changing ice conditions allow predictions of future development
of the polar cod stock in the Barents Sea.
Results
Inter-annual change in spawning location. The objective search
algorithm revealed two clearly separated maxima in spawning
location probability, with one spawning assemblage in the
Pechora Sea and one east of Svalbard. Moreover, the location of
the two main spawning areas identified coincided with the high
probability of 0-group occurrence downstream to the two areas
(Generalized additive model (GAM) explaining 40% of the var-
iation in 0-group presence/absence, Fig. 2). At the same time
there was considerable inter-annual variability in the location of
the center of the back-calculated main spawning areas. For
example, in 1990 when the observed spatial distribution of
0-group polar cod was strongest correlated with spawning east of
Svalbard, most of the eggs and larvae drifted with the East
Spitsbergen Current into the Storfjord, further along the west
coast of Svalbard, or onto the Svalbard Bank, where most of the
0-group polar cod was found that year (Fig. 3a, and see Fig. 1 for
references to location). Recruitment in 1995 was very low, indi-
cated by a record low abundance of 0-group polar cod found in
the autumn cruise, coinciding with the Pechora Sea largely being
ice-free during most of winter and spring (Fig. 3b) and maximum
temperatures encountered in late summer exceeding 10 °C. This
in contrast to 1998 when the ice cover in the south-eastern
Barents Sea was at its highest in the study period, and the release
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Fig. 2 Predicted polar cod spawning, idealized drift routes, and probability of 0-group occurrence. Here black crosses represent the initial release points for
the Lagrangian particle advection simulations; blue and green dots represent the integrated probability of spawning at a given release points across the
study period; and arrows represents the idealized drift routes of eggs and larvae. Colored gradient represents the probability of 0-group occurrence in trawl
hauls, predicted from the 2D GAM fitted to the geographical position of 0-group presence/absence explaining 40% of the deviance. Note that the sharp
boundary of the colored gradient to the north and east reflects the extent of sampling rather than the actual distribution of 0-group polar cod. Black lines
represent isobaths at 50, 100, 200, and 400m
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points in the Pechora Sea was strongly correlated with the high
abundance of 0-group polar cod found in a wide swath along
Novaya Zemlya (Fig. 3c). Perhaps the most anomalous year in
terms of drift patterns was in 2013 when the most probable
spawning location of the eastern Svalbard spawning assemblage
was situated north of Kvitøya, close to the shelf edge towards the
Nansen Basin–yielding a qualitatively different dispersal pattern
than previous years, where the majority of larvae initiated from
this particular location were advected along the margins of the
continental shelf instead of into the Barents Sea (Fig. 3d). This
northern displacement of the eastern Svalbard spawning assem-
blage in 2013 was not an isolated instance, with a similar dis-
placement also in 2009, 2015, and 2017. The predicted western
spawning center was also located on the Great Bank in many of
the years in the middle of the study period (2000s), and even near
the Central Bank in some years. The average northwards dis-
placement towards the end of the study period (2015–2017)
constituted 2° of latitude (approx. 220 km) compared to the
yearly 2000s (2001–2005), culminating a clear decadal northward
trend (Fig. 4).
Recruitment variability in response to ice loss and heating.
Recruitment strength in the eastern Barents Sea/Pechora Sea had
a significant correlation with maximum yearly ice cover (r= 0.69,
t=−4.49, df= 26, p < 0.001, see Fig. 5), reiterating the impor-
tance of ice for early pelagic stages. The recruitment in the
Pechora Sea was also significantly correlated with the estimated
TSB two and a half years later (r= 0.61, t= 3.58, df= 22, p <
0.001), confirming the Pechora Sea spawning assemblage as the
main supplier of recruits to the Barents Sea stock monitored
during autumn surveys. Recruitment east of Svalbard had no
correlation with either ice cover, temperature, or TSB at any lag,
indicating other effects at play than those tested within the scope
of this study. A linear regression of maximum ice cover over the
study period showed a weak, yet significant yearly decrease of
1.1% (F= 4.93 on 1 and 26 df, p= 0.035, R2= 0.16). Moreover,
the 10-day mean-filtered maximum temperature encountered by
larvae in late summer was significantly different between the two
main spawning areas (t=−7.46, df= 47, p < 0.001), with max-
imum temperatures encountered in the eastern Barents Sea
on average between 2.1 °C and 3.6 °C degrees warmer (95% CI).
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Fig. 3 Drift trajectories of polar cod eggs and larvae from most likely spawning location in a 1990, b 1995, c 1998, and d 2013. Here size of green and blue
dots represents the individual scores from the search algorithm of each release point, and black dots represents the observed (scaled) 0-group abundance.
Grey lines represent 100 individual drift trajectories released from the location that had the best score for each year, here indicated by a blue/green cross
for eastern Svalbard and Pechora Sea component, respectively. Also depicted is the modelled annual maximum marginal ice cover (white area, i.e. where
ice concentration exceeds 15% per grid cell) and modeled sea surface temperature at the time of maximum ice cover (colored gradient)
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The average yearly maximum temperature encountered in the
Pechora/eastern Barents Sea was 5.7 °C but in extreme years more
than 9 °C (95% CI: 2.4–9.0 °C), well beyond the thermal tolerance
limit of the larvae (≈100% mortality at extended periods
above 7 °C15). A linear regression model of eastern Barents Sea
recruitment strength as function of covariates Barents Sea ice
cover, maximum temperature encountered by larvae, and TSB,
explained 72% of the variation in recruitment strength (F= 20.7
on 3 and 23 df, p < 0.001). Ice and temperature explained
the majority of the variance, and a smaller portion explained
by TSB ðR2ice cover ¼ 48%;R2max temp ¼ 44%;R2TSB ¼ 16%Þ. How-
ever, the two variables ice cover and temperature where
found to share a high portion of the explained variance
ðR2ice cover \ R2max temp ¼ 25%Þ, albeit being significantly negatively


















































Fig. 4 Northward displacement of spawning east of Svalbard. Here colored dots and gradient represents the position of the most likely spawning area each
year of the study period, and letters A–F the five-year average position of most likely spawning location (A: 1990–1994, B: 1995–1999, C: 2000–2004,
D: 2005–2009, E: 2010–2014, and F: 2015–2017). Plotted in grey is the contour of the Svalbard archipelago and the 200m isobath

















































Fig. 5 Total stock biomass (TSB), maximum ice cover, and the back-calculated recruitment strength from spawning assemblage east of Svalbard and
Pechora Sea. Here estimated TSB is measured in thousand metric tonnes and represented by a pink line, and the light blue line represents the annual
maximum marginal ice cover (i.e. area with ice concentration above 15% per grid cell)
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Discussion
We suggest two plausible mechanisms driving the large recruit-
ment variability observed in the south-eastern parts of the Barents
Sea, mediated in turn by both heat and ice. First, the presence/
absence of ice likely causes a “match/mis-match” scenario23,24
specific to the seasonally ice-covered Arctic food web. The pri-
mary food item for the first-feeding larval phase is the naupliar
stages of Arctic copepod Calanus glacialis that are nourished by
the algae bloom confined to the meltwater plume13,25,26. A mis-
match most likely arises in years with reduced or no ice cover in
the Pechora Sea when the phenology of the spring bloom follows
Atlantic-like bloom dynamics initiated by thermal stratification
rather than ice-melt25,27,28. However, if larvae indeed survive that
first critical ice-associated phase all three major Calanus species
found in the Barents Sea are eaten indiscriminately13. This
includes the highly abundant C. finmarchicus and the larger (but
rarer) C. hyperboreus, both advected from the west with the
warmer Atlantic water masses, and all three Calanus species
having exceptionally high energy content29. The ample food
supply available to the later larval stages in the Atlantic-
influenced water masses found in the south-eastern parts of the
Barents Sea thus represents a near ideal nursery habitat. At the
same time, the high summer temperatures sometimes encoun-
tered there may also be associated with high risk by pushing
larvae beyond thermal thresholds15. For example, the seven
warmest years in terms of maximum summer temperatures
encountered (as observed in 1990, 1995, 2000, 2012–2013,
2016–2017), resulted in the five years of lowest recruitment.
However, due to the collinearity of ice cover and high tempera-
tures encountered in south-eastern Barents Sea during drift in late
summer, where a common driver is the wind-driven advection of
warmer water masses from the west20, we were not able to dis-
entangle which of the two identified mechanisms that affected
recruitment in the Barents Sea the most.
Regional downscaling of future climate change scenarios pre-
dicts an increased frequency of years with reduced or no ice cover
in the south-eastern Barents Sea towards 205030,31. However, due
to the strong topographic steering of the incoming Atlantic water
masses away from the northern parts of the Barents Sea (cf.
Figure 1), the cold and icy winter-conditions currently found east
of Svalbard is likely to persist into the foreseeable future19,32,33.
The predicted deterioration of the south-eastern Barents Sea
nursery habitat will thus increase the relative importance of the
supply of recruits coming from the eastern Svalbard spawning
assemblage in the future. At the same time the observed north-
ward displacement of the eastern Svalbard spawning assemblage
towards the end of the study period may qualitatively alter the
dispersal pathway of eggs and larvae. The advection of the surface
layer in the far northern Barents Sea area is mainly influenced
by the prevalent wind field, where the meltwater and pack ice
generally follow a net westward direction towards the Fram
Strait19,20. Other potential dispersal pathways that may be rea-
lized in the northernmost Barents Sea include getting entrained
with the Atlantic boundary current flowing along the Nansen
Basin34, or lateral transport towards the Arctic Ocean interior
with eddies detaching from the boundary current itself35. In any
case, polar cod larvae and juveniles drifting with the pack ice in
the Arctic Ocean interior is not an uncommon phenomenon36,
although the fate of these drifting individuals is not known.
The biophysical links highlighted here represent fundamental
knowledge of how a keystone species of the Arctic food web
respond to contemporary climatic forcing. As the frequency of
years with low or no ice cover in the south-eastern Barents Sea is
predicted to increase towards the middle of the millennium, we
expect recruitment of polar cod to the south-eastern Barents Sea
to become even more variable or diminished, most likely having
dramatic consequences for the entire food web. And ultimately if
summer temperatures continue to exceed the thermal tolerance of
larvae, the south-eastern Barents Sea as a nursery area will be
unsuitable altogether. Conversely, the topographical steering of
Atlantic water masses away from the north-western Barents Sea
will most likely facilitate ice and spawning east of Svalbard even
in a warmer climate than today.
Methods
Recruitment and spawning stock biomass indices. The 0-group polar cod data
were sampled on annual surveys run between late August and early October in the
period 1990 and 2017, covering almost the entire Barents Sea within a regular grid
of ~65 km. At each station the upper water layer (0–60 m) was sampled by three
pelagic trawls with a 20 × 20 m opening, keeping the headlines at 0 m, 20 m, and
40 m. The pelagic trawls were towed at a speed of 3 knots over a time interval of
10 min, corresponding to a tow length of 0.5 nautical miles (≈0.93 km). If dense
concentrations of fish appeared on the echo-sounder deeper than 40 m, additional
tows were performed at 60 and 80 m. During the study period of 27 years 8302 of
these depth-integrated trawl hauls were done. Due to the selectivity of the gear37,
the catches were adjusted for capture efficiency using a stratified sample mean
method38,39. As a proxy for total stock biomass (TSB) we estimated the total mass
of polar cod found in echo-sounder transects and pelagic trawls throughout the
Barents Sea17, identical to the method used for estimating capelin (Mallotus vil-
losus) stock size in the Barents Sea40.
Ocean circulation model and ice module. The hydrodynamic model used to
represent the currents and oceanographic conditions (i.e. temperature, salinity, and
ice concentration/cover) in the study area was based on the Regional Ocean
Modeling System (ROMS, http://myroms.org), a free-surface, hydrostatic, primitive
equation ocean general circulation model41,42. The ROMS model was run with a
horizontal resolution of 4 × 4 km in an orthogonal, curvilinear grid covering parts
of the North Atlantic and all the Nordic and Barents seas (see inset in Fig. 1 for
extent of ROMS model) over the time period 1960–201720,43–45. The output from
ROMS contained velocity fields, ice concentration, temperature, and salinity in 32
terrain following vertical layers, and a temporal resolution of 24 h.
Drift simulations and search algorithm. The advection of particles in the hor-
izontal plane was modelled by the Runge-Kutta fourth order scheme LADIM46,47.
As early life stages of polar cod are usually found close to the surface13, particles
were uniformly distributed in the upper 10 meters with a fixed depth throughout
the drift phase from 1 January to 30 September. In an exhaustive search for
potential spawning areas of polar cod in the Barents Sea, particles were released in a
regular grid (≈40 km equidistance, 537 positions in total) across the entire Barents
Sea shelf shallower than 400 m that had been covered by an ice concentration of
more than 15% in the period 1990–2017 (see extent of release grid in Fig. 2). A new
ensemble of 100 particles were released at every point in the grid, every day from 1
January to 30 April, repeated for every year between 1990 and 2017 (yielding a total
of 639,030 particles each year). Subsequently, an objective search algorithm iden-
tified drift trajectories that intersected the 0-group observations of the autumn
survey within a three-week period of the surveys. The ability of the drift trajectories
to explain the observed 0-group abundance and distribution was thus interpreted
as a confirmation of spawning at a given release point and a high larval survival
integrated over the drift phase. To allow a direct comparison between number of
simulated drift intersections and 0-group abundance, both indices were log-
transformed and scaled between 0 and 1. In line with the hypothesis of ice as a
prerequisite for spawning, the drift trajectories’ ability to predict the observed 0-
group abundance was weighted by ice concentration at drift start point (i.e. at
spawning area). To elucidate on the possible effects of heating on recruitment we
extracted temperature profiles from all individual drift trajectories, and to decrease
the effect of minor cold spells or heat waves on the subsequent analysis we applied
a 10-day moving average filter on the temperature profiles.
Statistical modelling. A probabilistic map of 0-group polar cod presence was cal-
culated by using a two-dimensional binomial GAM smoother, based on the geo-
graphical coordinates of pelagic trawls, presence-absence of polar cod larvae in the
pelagic trawls, and using the logit-link function as implemented in R-package
“mgvc”48. Moreover, to quantify the effect of environmental conditions on larval
survival/recruitment strength, we fitted a linear regression model with recruitment
strength as independent variable with the covariates Barents Sea ice cover (area of the
Barents Sea covered by ice concentration higher than 15%, extracted from the ROMS
model), maximum temperature encountered by larvae (10-day mean-filtered over 100
larvae released from the most likely spawning area for a given year), and estimated
TSB. This regression model was fitted separately for the north-western (Svalbard) and
south-eastern (Pechora Sea) spawning areas as implemented in the base R-package
“stats”49. In the model selection phase, we applied a stepwise model selection scheme
with the initial inclusion of all relevant variables, where only the variables deemed
significant was included in the final model. Due to the high degree of collinearity
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between some of the variables, we also did a variance partitioning analysis to dis-
entangle the separate and/or common effects of the variables50.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
Data availability
The datasets generated during and/or analysed during the current study are not publicly
available due to large file sizes but are available from the corresponding author on
reasonable request.
Code availability
Custom code and algorithms used for analyses in this study will be made available on
request to the authors.
Received: 8 April 2019; Accepted: 10 October 2019;
References
1. Onarheim, I. H., Eldevik, T., Smedsrud, L. H. & Stroeve, J. C. Seasonal and
regional manifestation of Arctic sea ice loss. J. Clim. 31, 4917–4932 (2018).
2. Divine, D. V. & Dick, C. Historical variability of sea ice edge position in the
Nordic Seas. J. Geophys. Res. Ocean. 111, 1–14 (2006).
3. Yang, X.-Y., Yuan, X. & Ting, M. Dynamical Link between the Barents – Kara
Sea Ice and the Arctic Oscillation. J. Clim. 29, 5103–5122 (2016).
4. Lind, S., Ingvaldsen, R. B. & Furevik, T. Arctic warming hotspot in the
northern Barents Sea linked to declining sea-ice import. Nat. Clim. Chang.
https://doi.org/10.1038/s41558-018-0205-y (2018).
5. Polyakov, I. V. et al. Greater role for Atlantic inflows on sea-ice loss in the
Eurasian Basin of the Arctic. Ocean. Sci. (80-). 356, 285–291 (2017).
6. Wassmann, P. et al. The contiguous domains of Arctic Ocean advection: trails
of life and death. Prog. Oceanogr. 139, 42–65 (2015).
7. Fossheim, M. et al. Recent warming leads to a rapid borealization of fish
communities in the Arctic. Nat. Clim. Chang. 5, 673–677 (2015).
8. Kortsch, S., Primicerio, R., Fossheim, M., Dolgov, A. V. & Aschan, M. Climate
change alters the structure of arctic marine food webs due to poleward shifts of
boreal generalists. Proc. R. Soc. B. Biol. Sci. 282, 1–9 (2015).
9. Hop, H. & Gjøsæter, H. Polar cod (Boreogadus saida) and capelin (Mallotus
villosus) as key species in marine food webs of the Arctic and the Barents Sea.
Mar. Biol. Res. 9, 878–894 (2013).
10. Planque, B. et al. Who eats whom in the Barents Sea: a food web topology
from plankton to whales. Ecology 95, 1430–1430 (2014).
11. Ponomarenko, V. P. Some data on the distribution and migrations of polar
cod in the seas of the Soviet. Arct. Rapp. PV Reun. Cons. Int. Explor. Mer. 158,
131–135 (1968).
12. Laurel, B. J., Copeman, L. A., Spencer, M. & Iseri, P. Comparative effects of
temperature on rates of development and survival of eggs and yolk-sac larvae
of Arctic cod (Boreogadus saida) and walleye pollock (Gadus chalcogrammus).
ICES J. Mar. Sci. https://doi.org/10.1093/icesjms/fsy042 (2018).
13. Bouchard, C., Mollard, S., Suzuki, K., Robert, D. & Fortier, L. Contrasting the
early life histories of sympatric Arctic gadids Boreogadus saida and
Arctogadus glacialis in the Canadian Beaufort Sea. Polar Biol. 39, 1005–1022
(2016).
14. Loeng, H. & Drinkwater, K. An overview of the ecosystems of the Barents and
Norwegian Seas and their response to climate variability. Deep. Res. Part II
Top. Stud. Oceanogr. 54, 2478–2500 (2007).
15. Koenker, B. L., Laurel, B. J., Copeman, L. A. & Ciannelli, L. Effects of
temperature and food availability on the survival and growth of larval Arctic
cod (Boreogadus saida) and walleye pollock (Gadus chalcogrammus). ICES J.
Mar. Sci. https://doi.org/10.1093/icesjms/fsy062 (2018).
16. Michalsen, K. et al. Marine living resources of the Barents Sea—ēcosystem
understanding and monitoring in a climate change perspective. Mar. Biol. Res.
9, 932–947 (2013).
17. Prozorkevich, D. & Skaret, G. Commercial pelagic fish. in Survey report from
the joint Norwegian/Russian ecosystem survey in the Barents Sea and adjacent
waters, August-October 2017 (eds. Prozorkevich, D., Johansen, G. O. & van
der Meeren, G. I.) (IMR/PINRO Joint Report Series, 2018).
18. Eriksen, E., Ingvaldsen, R. B., Nedreaas, K. & Prozorkevich, D. The effect of
recent warming on polar cod and beaked redfish juveniles in the Barents Sea.
Reg. Stud. Mar. Sci. 2, 105–112 (2015).
19. Smedsrud, L. H. et al. The role of the Barents Sea in the Arctic climate system.
Rev. Geophys. 51, 415–449 (2013).
20. Lien, V. S., Schlichtholz, P., Skagseth, Ø. & Vikebø, F. B. Wind-driven Atlantic
water flow as a direct mode for reduced Barents sea ice cover. J. Clim. 30,
803–812 (2017).
21. Loeng, H. Features of the physical oceanographic conditions of the Barents
Sea. Polar Res. 10, 5–18 (1991).
22. Harris, C. L., Plueddemann, A. J. & Gawarkiewicz, G. G. Water mass
distribution and polar front structure in the western Barents Sea. J. Geophys.
Res. 103, 2905–2917 (1998).
23. Hjort, J. Fluctuations in the Great Fisheries of Northern Europe viewed in the
light of biological research. Rapp. Proc.ès.-Verbaux, Cons. Int. pour
I’Exploration la Mer. 20, 1–228 (1914).
24. Cushing, D. H. Plankton production and year-class strength in fish
populations: an update of the match/mismatch hypothesis. Adv. Mar. Biol. 26,
249–293 (1990).
25. Melle, W. & Skjoldal, H. R. Reproduction and development of Calanus
finmarchicus, C. glacialis and C. hyperboreus in the Barents Sea. Mar. Ecol.
Prog. Ser. 169, 211–228 (1998).
26. Søreide, J. E., Leu, E. V. A., Berge, J. ør, Graeve, M. & Falk-Petersen, S. Timing
of blooms, algal food quality and Calanus glacialis reproduction and growth in
a changing Arctic. Glob. Chang. Biol. 16, 3154–3163 (2010).
27. Ardyna, M. et al. Fall phytoplankton blooms. Geophys. Res. Lett. 41,
6207–6212 (2014).
28. Oziel, L. et al. Role for Atlantic inflows and sea ice loss on shifting
phytoplankton blooms in the Barents Sea. J. Geophys. Res. Ocean. 122,
5121–5139 (2017).
29. Falk-Petersen, S., Mayzaud, P., Kattner, G. & Sargent, J. R. Lipids and life
strategy of Arctic Calanus. Mar. Biol. Res. 5, 18–39 (2009).
30. Onarheim, I. H. & Årthun, M. Toward an ice-free Barents Sea. Geophys. Res.
Lett., https://doi.org/10.1002/2017GL074304 (2017).
31. Årthun, M. et al. Skillful prediction of northern climate provided by the ocean.
Nat. Commun. 8, 1–9 (2017).
32. Ellingsen, I. H., Dalpadado, P., Slagstad, D. & Loeng, H. Impact of climatic
change on the biological production in the Barents Sea. Clim. Change 87,
155–175 (2008).
33. Sandø, A. B., Melsom, A. & Budgell, W. P. Downscaling IPCC control run and
future scenario with focus on the Barents Sea. Ocean Dyn. 64, 927–949 (2014).
34. Aksenov, Y. et al. The arctic circumpolar boundary current. J. Geophys. Res.
116, 1–28 (2011).
35. Våge, K. et al. The Atlantic Water boundary current in the Nansen Basin:
transport and mechanisms of lateral exchange. J. Geophys. Res. Ocean. 121,
6946–6960 (2016).
36. David, C. et al. Under-ice distribution of polar cod Boreogadus saida in the
central Arctic Ocean and their association with sea-ice habitat properties.
Polar Biol. 39, 981–994 (2016).
37. Godø, O. R., Valdemarsen, J. W. & Engås, A. Comparison of efficiency of
standard and experimental juvenile gadoid sampling trawls. ICES Mar. Sci.
Symp. 196, 196–201 (1993).
38. Eriksen, E., Prozorkevich, D. & Dingsor, G. E. An Evaluation of 0-Group
Abundance Indices of Barents Sea Fish Stocks. Open Fish. Sci. J. 2, 6–14 (2009).
39. Dingsør, G. E. Estimating abundance indices from the international 0-group
fish survey in the Barents Sea. Fish. Res. 72, 205–218 (2005).
40. Gjøsæter, H., Bogstad, B. & Tjelmeland, S. Assessment methodology for
Barents Sea capelin, Mallotus villosus (Müller). ICES J. Mar. Sci. 59,
1086–1095 (2002).
41. Shchepetkin, A. F. & McWilliams, J. C. The regional oceanic modeling system
(ROMS): a split-explicit, free-surface, topography-following-coordinate
oceanic model. Ocean Model. 9, 347–404 (2005).
42. Haidvogel, D. B. et al. Ocean forecasting in terrain-following coordinates:
formulation and skill assessment of the Regional Ocean Modeling System. J.
Comput. Phys. 227, 3595–3624 (2008).
43. Lien, V. S., Gusdal, Y., Albretsen, J., Melsom, A. & Vikebø, F. Evaluation of a
Nordic Seas 4 km numerical ocean model hindcast archive (SVIM),
1960–2011. Fisk. og. Havet 7, 1–82 (2013).
44. Budgell, W. P. Numerical simulation of ice-ocean variability in the Barents Sea
region. Ocean Dyn. 55, 370–387 (2005).
45. Lien, V. S., Gusdal, Y. & Vikebø, F. B. Along-shelf hydrographic anomalies in
the Nordic Seas (1960–2011): Locally generated or advective signals? Ocean
Dyn. 64, 1047–1059 (2014).
46. Ådlandsvik, B. & Sundby, S. Modelling the transport of cod larvae from the
Lofoten area. ICES Mar. Sci. Symp. 198, 379–392 (1994).
47. Myksvoll, M. S. et al. Evaluation of a national operational salmon lice
monitoring system—from physics to fish. PLoS One 13, 1–25 (2018).
48. Wood, S. N. Thin plate regression splines. J. R. Stat. Soc. B 65, 95–114 (2003).
49. R Core Team. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.
org/ (2019).
50. Borcard, D., Legendre, P. & Drapeau, P. Partialling out the spatial component
of ecological variation. Ecology 73, 1045–1055 (1992).
COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0649-2 ARTICLE
COMMUNICATIONS BIOLOGY |           (2019) 2:407 | https://doi.org/10.1038/s42003-019-0649-2 | www.nature.com/commsbio 7
Author contributions
M.B.O.H., E.E., H.G., and F.V. conceived the study, interpreted the data and wrote
the paper. M.B.O.H designed and performed the model simulations and statistical
analyses.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42003-
019-0649-2.
Correspondence and requests for materials should be addressed to M.B.O.H.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0649-2
8 COMMUNICATIONS BIOLOGY |           (2019) 2:407 | https://doi.org/10.1038/s42003-019-0649-2 | www.nature.com/commsbio
